While antiferromagnets have been proposed as components to limit stray magnetic fields, their inability to be spin polarized inhibits their use in spintronic devices. Compensated ferrimagnets are a unique solution to this dilemma since they have zero net moment, but their nonsymmetric density of states allows the achievement of high spin polarization. Density-functional theory predicts Mn 3 Al in the D0 3 structure to be fully compensated and retain half-metallicity at room temperature. In this work, 50-nm Mn 3 Al thin films are synthesized using molecular beam epitaxy and annealed at various temperatures in order to investigate their magnetic properties. Magnetometry measurements confirm the high Curie temperature of 605 K. Polarizedneutron reflectometry (PNR) indicates a low net magnetic moment, along with depth profiles of the structure and magnetization. From the PNR data, a saturation moment of 0.11 AE 0.04 μ B =f:u: is extracted, confirming the nominal zero moment present in these thin films.
I. INTRODUCTION
For future spintronic devices, it will be advantageous to limit extraneous magnetic interactions, which can negatively impact the spin polarization of electrons. While antiferromagnets have been proposed as components in various spintronic devices to eliminate these stray fields, the antiferromagnetic band structure prohibits spin polarization of the bulk carriers [1] . Compensated ferrimagnets provide a unique solution to this problem, with a net zero moment and a band structure which allows for spinpolarized carriers [2] [3] [4] . Recently, several Heusler materials have been suggested as spin-polarized compensated ferrimagnets [5] [6] [7] . Here we investigate nominally zeromoment Mn 3 Al thin films, which are synthesized using molecular beam epitaxy (MBE) on GaAs substrates.
It is interesting to compare the magnetic properties of V 3 Al and Mn 3 Al, which share the same D0 3 crystal structure. Mn 3 Al exhibits ferrimagnetism, while V 3 Al is antiferromagnetic. Moreover, the asymmetric electronic properties of Mn 3 Al allow the system to become halfmetallic, but the symmetric electronic structure of V 3 Al prohibits spin polarization. The G-type antiferromagnetic structure of V 3 Al is shown in Fig. 1 (lower left) [8, 9] . The D0 3 Mn 3 Al structure is based on the full Heusler space group Fm3m, which has the formula Y 2 XZ where X and Y are equal, leading to the formula X 3 Z. [10] . Recently, D0 3 -type V 3 Al was synthesized and determined to behave as a gapless semiconductor, where Fig. 1 (upper left) shows both the majority (red) and minority (blue) bands in the DOS are symmetric, prohibiting spin polarization [11, 12] . In the case of Mn 3 Al, Mn moments are predicted to order into a compensated ferrimagnet [4, 13] shown in Fig. 1 (right lower) , which allows the DOS to behave as a half-metal as seen in Fig. 1 (upper right) [14] [15] [16] .
Compensated ferrimagnets are ideal for room-temperature high-density magnetic memory applications. Mn 3 Al is especially promising for giant tunable exchange-bias applications, since Mn has a strong localized magnetic moment [17] . Developing Mn 3 Al for exchange-bias applications can allow for an extremely large exchange bias at room temperature in spin-valve sensors without the use of rare-earth magnets, as previously shown in Mn-Ga systems [17] . In addition, the low net magnetization, which prevents the demagnetization of surrounding components and limits stray field interactions, is expected to lead to suppressed damping and high switching speeds. These superior properties are advantageous for terahertz spin-torque oscillators [18] .
II. ELECTRONIC STRUCTURE OF Mn 3 Al
First-principles calculations of the band structure of Mn 3 Al are performed within the framework of the density-functional theory (DFT) by using projectoraugmented-wave pseudopotentials [19] as implemented in the VASP package [20] . The generalized-gradient approximation (GGA) [21] is used for treating exchange-correlation effects. The GGA plays a crucial role in stabilizing magnetic structures compared to the local-spin-density approximation [22] . The Brillouin zone is integrated by using a 16 × 16 × 16 k-point mesh with 360-eV cutoff energy.
For the cubic Fm3m D0 3 phase, the lattice parameter of a ¼ 5.79 Å is determined by minimizing the total energy using the fitting method of Murnaghan's equation of state [23, 24] . The corresponding magnetic structure is found to be a compensated ferrimagnet as shown in Fig. 1 (lower right) in which the MnðXÞ, MnðYÞ, and Al atomic sites carry magnetic moments of −2.79, 1.40, and −0.02 μ B , respectively, and the net magnetic moment summed over all atomic sites is nearly fully compensated. The computed lattice constant and magnetic structure are consistent with previous calculations [7] . Figure 2 shows the computed spin-polarized partial density of states (PDOS) per atom projected on the distinct atomic sites of Mn 3 Al. The Fermi energy is set at 0 eV. polarization. Accordingly, our magnetic structure calculations confirm the half-metallicity and overall compensated magnetic moment in cubic phase Mn 3 Al [4, 7, 13, 14] .
Recently, tetragonally-distorted thin films of related Heusler compounds have been grown epitaxially on GaAs (100), with an in-plane lattice constant a ¼ 5.65 Å [25, 26] . In our DFT calculations of Mn 3 Al with tetragonal distortion, the c-lattice parameter is taken to be 5.90 Å. Despite the tetragonal distortion, our calculations reveal only a small change in magnetic moments with −2.61, 1.31, and −0.02μ B on the MnðXÞ, MnðYÞ, and Al atomic sites. respectively. In addition, the MnðXÞ-d, MnðYÞ-d, and Al-p PDOS of the tetragonal phase shown in Figs. 2(e)-2(h) are very similar to the corresponding PDOS of the cubic phase. Therefore, the magnetic moments and PDOS results show half-metallic properties and almost fully compensated ferrimagnetic structures in both cubic and tetragonal phases of Mn 3 Al. Therefore, these magnetic properties appear to be robust against small lattice distortions.
III. EXPERIMENTAL DETAILS
Mn 3 Al thin films (50-nm nominal thickness) are grown on desorbed GaAs (001) substrates using an ultrahigh-vacuum MBE apparatus employing separate thermal-evaporation sources. The GaAs substrates undergo surface oxide removal via heating the substrate to 650°C for 15 min in approximately 10 −3 -Pa As flux [25] . Reflection high-energy electron-diffraction (RHEED) patterns indicate successful removal of the surface oxide. The Mn 3 Al films are deposited epitaxially at 200°C on the desorbed GaAs substrates. During the deposition, the RHEED pattern is collected to monitor the crystallographic ordering and alignment of the surface atoms. The thin films are further annealed after deposition at 300, 325, 350, and 400°C for 30 min in ultrahigh vacuum (approximately 10 −7 Pa) to investigate the effects of annealing on the structure. Scanning electron microscopy and energy-dispersive spectroscopy confirm the composition to be within 2% variation of the intended stoichiometry across the thin films. X-ray diffraction (XRD) measurements of the thin films are performed using a Cu-Kα source with an average wavelength λ ¼ 1.5418 Å. In addition, x-ray absorption spectroscopy is used to measure the valence states of the Mn d orbitals at beam line U4B at the National Synchrotron Light Source. Magnetic characterization is performed using a superconducting quantum-interference-device (SQUID) magnetometer with a maximum applied field of 5 T in the temperature range 5-400 K. For higher-temperature measurements (300-800 K), a vibrating sample magnetometer (VSM) is utilized. Resistivity measurements are carried out using a conductivity probe modified for use in the SQUID magnetometer [27] . The net in-plane magnetization of the thin films as a function of depth is deduced from the polarizedneutron-reflectometry (PNR) experiments carried out using the polarized beam reflectometer (PBR) beam line at the NIST Center for Neutron Research. The incident and scattered neutrons are spin polarized (>97% efficiency) to enable the determination of the parallel and perpendicular magnetization components with respect to applied field (700 mT at 100 K). The non-spin-flip components R þþ and R −− (where þ=− refer to the neutron moment parallel or antiparallel to the applied field, respectively) can be used to determine the scattering length density depth profile which has nuclear (ρ N ) and magnetic (ρ M proportional to the projection of the sample magnetization parallel to the applied field) contributions. REFL1D analysis software is used to refine the PNR model and fit the data [28, 29] .
IV. EXPERIMENTAL RESULTS
The growth-axis x-ray diffraction patterns of the Mn 3 Al samples are shown in Fig. 3(a) as a function of the annealing temperature. The RHEED pattern shown in the inset of Fig. 3(a) indicates polycrystalline growth in the as-grown sample [25] . The lattice constant for the as-grown state at 200°C (a200) is found to be a ¼ 5.79 AE 0.09 Å, in excellent agreement with the predicted lattice constant in this work. As the annealing temperature is increased to 300°C (a300), three sharp Bragg peaks emerge, as indicated by the diamond data markers, which may be attributed to mixing of the GaAs and Mn 3 Al in the interfacial region. However, the (311) Bragg peak remains in the pattern, and the lattice constant is decreased to 5.68 AE 0.05 Å. The D0 3 lattice further deteriorates after the films are annealed to 325°C (a325), indicated by the appearance of additional Bragg peaks in the XRD pattern. In the a325 pattern, more peaks emerge which can be indexed to α-Mn and Al, indicating that the lattice becomes more phase segregated. X-ray absorption spectroscopy (XAS) aids in the structural analysis by providing information about changes in the Mn d-orbital occupancy at the L 3 and L 2 edges seen in Fig. 3(b) [31] [32] [33] [34] . The comparison with the reference spectrum [30] reveals that the a200 sample has a pure valence state of Mn 2þ . However, there is a change in valence states after annealing. It is seen that after annealing to 300°C and higher, the relative Mn 3þ contribution increases. The XAS, however, probes only the Mn surface layer and may not be indicative of the film as a whole [35] . Since there is an AlO x capping layer to prevent thin-film oxidation, the change in the oxidation state suggested by the XAS data could be driven by oxygen infiltration into the Mn 3 Al film during annealing, or it may reflect the additional interfacial oxygen at the Mn 3 Al=AlO x boundary. The Mn absorption edges are further discussed in the Supplemental Material [36] .
The transport properties are measured as a function of temperature over 5-300 K. Figure 4(a) shows the zero-field resistivity ρ xx ðTÞ, which indicates semiconducting behavior. At low temperature, the resistivity is consistent with an intrinsic semiconductor in that the ρ xx ðTÞ fits to the linear form ρ xx ¼ ρ 0 ½1 þ γðT − T 0 Þ, where γ is the temperature coefficient of resistivity, and T 0 is the reference temperature of 100 K. It is important to note that this model is valid only around the reference temperature, where γ is found to be −7.4 × 10 −4 K −1 . However, at temperatures greater than 100 K, resistivity can be modeled as a sum of the metallic and semiconducting contributions [25] 1 ρ xx ¼ σ xx ðTÞ ¼ n m eμ m ðTÞ þ n s eμ s ðTÞ; ð1Þ where m and s refer to the metallic and semiconducting components, respectively. The metallic carrier concentration n m is taken to be a constant. The inverse mobilities are additive, as they represent series resistances and are given by μ
, where each conducting channel (metallic or semiconducting) i has different values for α and β. The α term results from electron-phonon scattering, while β corresponds to the mobility due to defects at T ¼ 0 K. The fit assumes the number of thermally activated carriers varies as n s ðTÞ ¼ e −ΔE=k B T with activation energy ΔE [25, 37, 38] . Fitting to this model [red solid curve in Fig. 4(a) ] gives temperature coefficients α m and α s close to zero, suggesting that the mobility of Mn 3 Al is heavily dominated by defect scattering rather than phonons. An activation energy of ΔE ¼ 14 AE 2 meV is found. The room-temperature resistivity (ρ 300 ) as a function of the annealing temperature is measured for the a200, a300, and a350 samples and is shown in the inset in Fig. 4(a) . The asgrown (a200) ρ 300 value is 140 μΩ cm, which is close to values for Mn 2 CoAl [25] and Cr 2 CoGa [26] . The resistivity slightly increases after annealing for the a300 sample to 170 μΩ cm, but there is a dramatic increase to approximately 370 μΩ cm after annealing in the a350 sample. This rapid increase in ρ 300 is consistent with the system becoming more disordered via phase segregation.
The magnetic moment is measured as a function of both field and temperature, with the magnetometry data displayed in Fig. 4(b) . The increasing moment with increasing field for the as-grown (a200) sample (inset) is characteristic of a ferrimagnet that is not totally compensated at 260 K. The temperature dependence of the saturation magnetization (μ 0 H ¼ 1.5 T) indicates that the as-grown sample has a Curie temperature (T C ) of 605 K. The small change in magnetization of the film below 200 K can possibly arise from subtle changes in the film's magnetocrystalline anisotropy at low temperatures.
The magnetic moment measured using the SQUID as well as VSM magnetometers has a large diamagnetic contribution from the substrate, inhibiting the accurate determination of the absolute moment per formula unit (f.u.). To remedy this issue, PNR is used to probe the net magnetization in the Mn 3 Al layer for the a200 and a300 samples. Figure 5(a) displays the R þþ and R −− reflectivities as a function of the wave-vector transfer Q for the a200 sample at 100 K under an applied field of 0.7 T. The spin asymmetry (SA) emphasizes the magnetic contribution to scattering and is calculated by
and shown in Fig. 5(b) . Figure 5 (c) shows the structural (ρ N ) and magnetic (ρ M ) scattering length profiles obtained from the best fits of the reflectometry data [solid lines in Fig. 5(a) ]. In the nuclear profile, there is evidence of a distinct interface layer between the GaAs and Mn 3 Al layers (assumed unmagnetized in our model) caused by incomplete desorption of the substrate. The results obtained from the best fit to the data are consistent with the existence of a magnetic dead layer of thickness 8.9 AE 2.8 nm adjacent to the interface layer [ Fig. 5(c) ]. The magnetization calculated from the fit is 23 AE 8 emu=cm
, consistent with a small magnetic moment in the relevant layer corresponding to 0.11 AE 0.04 μ B =f:u: While the fit shown in Figs. 5(a) and 5(b) best captures the features of the measured reflectivity and spin asymmetry, there is a distribution in the fitted values for the thickness of the magnetic dead layer. The error in value is, thus, estimated by exploring a series of models that describes the data reasonably well, as discussed in the Supplemental Material [36] . The measured magnetization is greater than the corresponding theoretical value possibly due to the presence of paramagnetic Mn crystallites or a secondary magnetic phase in our samples. Alternative fits that support the choice of the best fit for the a200 sample and the fit used for the a300 sample are provided in the Supplemental Material [36] . The PNR results indicate that the Mn 3 Al magnetic moment for a300 corresponds to a value 30 AE 5 emu=cm 3 (0.15 AE 0.03 μ B =f:u:).
V. CONCLUSION
Compensated ferrimagnetism in D0 3 Mn 3 Al is computationally and experimentally confirmed in study. The firstprinciples analysis yields a low net magnetization of 0.017μ B =f:u: at a lattice constant of a ¼ 5.79 Å. X-ray diffraction measurements show the presence of strong [311] texturing of the D0 3 structure. Mn L-edge x-ray absorption spectroscopy reveals that the valence state is Mn 2þ in the asgrown sample, and the valence state increases as the annealing temperature increases. Electrical transport of the material behaves as a semiconductor at low temperatures, but above 100 K, it displays a combined semiconductormetallic form, which involves low-energy states with an activation energy of 14 meV. The resistivity at room temperature increases after the sample is annealed, consistent with the notion that the Mn 3 Al lattice becomes phase segregated after annealing at 300°C. The magnetization measurements determine a high T C value of 605 K, while the PNR measurements reveal a weak net magnetization of 0.11 AE 0.04 μ B in the Mn 3 Al layer. The successful growth and stabilization of a Heusler compound with nearly zero net magnetization opens material opportunities for spintronics applications.
